Alport syndrome is an inherited nephropathy associated with mutations in genes encoding type IV collagen chains present in the glomerular basement membrane. COL4A5 mutations are associated with the major X-linked form of the disease, and COL4A3 and COL4A4 mutations are associated with autosomal recessive and dominant forms (thought to be involved in 15% and 1%-5% of the families, respectively) and benign familial hematuria. Mutation screening of these three large genes is time-consuming and expensive. Here, we carried out a combination of multiplex PCR, amplicon quantification, and next generation sequencing (NGS) analysis of three genes in 101 unrelated patients. We identified 88 mutations and 6 variations of unknown significance on 116 alleles in 83 patients. Two additional indel mutations were found only by secondary Sanger sequencing, but they were easily identified retrospectively with the webbased sequence visualization tool Integrative Genomics Viewer. Altogether, 75 mutations were novel. Sequencing the three genes simultaneously was particularly advantageous as the mode of inheritance could not be determined with certainty in many instances. The proportion of mutations in COL4A3 and COL4A4 was notably high, and the autosomal dominant forms of Alport syndrome appear more frequently than reported previously. Finally, this approach allowed the identification of large COL4A3 and COL4A4 rearrangements not described previously. We conclude that NGS is efficient, reduces screening time and cost, and facilitates the provision of appropriate genetic counseling in Alport syndrome.
genes encoding the a3, a4, and a5 chains of type IV collagen that form a distinct network in the GBM that is essential for the longterm stability of the glomerular filtration barrier. 5, 6 Mutations in COL4A5, encoding the a5(IV) chain, are responsible for the X-linked form of the disease, which is usually much more severe in men than women. Mutations in COL4A3 and COL4A4, encoding the a3(IV) and a4(IV) chains, are associated with autosomal AS. In the autosomal recessive form, patients frequently reach end stage renal failure (ESRF) before the end of the second decade, 7 and women are as severely affected as men. Heterozygous parents can present without any symptoms, with isolated microhematuria, which corresponds to what is observed in benign familial hematuria (BFH), or with a progressive renal disease, like in autosomal dominant AS. In this latter form of AS, women and men are equally affected and usually progress to ESRF later than in the autosomal recessive form. [8] [9] [10] The frequency of each form of AS is estimated to be 80%-85% for X-linked AS, 15% for autosomal recessive AS, and 1%-5% for autosomal dominant AS. 11 However, these numbers may be skewed, because most series with molecular analysis are limited to the sequencing of COL4A5. Identifying the mode of inheritance of AS is essential for providing genetic counseling in affected families. The study of the genealogy and the clinical and morphologic phenotypes does not always allow certain determination of the mode of transmission of the disease. Studying the expression of the type IV collagen chains in skin and/or kidney basement membranes can help. 12 However, in about one third of the families, irrespective of the mutated gene, the expression of type IV collagen chains is normal, and thus, it does not rule out the diagnosis at all. 13 In these cases as well as cases in which the expression of type IV collagen chains has not been studied, molecular testing might be required to make a definitive diagnosis and determine the mode of inheritance. Molecular testing is expensive and exhausting because of the broad size of the genes, comprising 48-53 exons each, and the lack of mutational hot spots.
High-throughput next generation sequencing (NGS) technologies that have recently been developed parallelize the sequencing process, producing millions of sequences at one time, 14 and they can be used for limited genomic regions after targeted genome capture or multiplex PCR amplification. It has recently been shown to be efficient in diagnostic screening of human diseases, 15 including renal diseases, such as autosomal dominant polycystic kidney disease 16 and steroid-resistant nephrotic syndrome. 17 Here, we used multiplex PCR, amplicon quantification, library barcoding, and sample pooling followed by NGS for mutation analysis of three type IV collagen genes in a large series of patients affected with AS or BFH.
RESULTS

Patients' Phenotypes and Mode of Inheritance
In total, 101 patients with hematuric nephropathy were included. Ninety patients were considered as possibly affected with AS. Ten patients were considered as likely affected with BFH (however, in families 57 and 79, only women were affected), because individuals in at least two generations presented with isolated hematuria (without proteinuria or renal failure). One woman (40) presented with sporadic isolated hematuria without proteinuria. Supplemental Table  1 shows the clinical, biologic, and morphologic information, modified Flinter scoring (Concise Methods), and suspected mode of inheritance for each proband. The mode of inheritance could be assessed with certainty in only 19 cases (shown in Supplemental Table 1 ): 12 X-linked cases displaying either a complete lack or a segmental distribution of a5(IV) expression in the skin basement membrane (BM), five autosomal recessive cases displaying a lack of a5(IV) in the GBM but normal a5(IV) expression in the skin and Bowman capsule BM, and two autosomal dominant cases with a father to son transmission.
NGS Results and Mapping Statistics
Schematic representation of the workflow used in this study is shown in Figure 1 . All coding exons were amplified in a fourtube multiplex PCR reaction for each patient. PCR products were used to both prepare the library for NGS and perform capillary electrophoresis analysis of fluorescently labeled amplified targets to search for deletion or duplication. The barcoded library was sequenced using the nonoptical semiconductor (Ion Torrent Personal Genome Machine (PGM); Life Technologies) technology. For proof of principle, we tested 29 patients previously sequenced by Sanger analysis on one (15 patients), two (13 patients), or three (1 patient) COL4A3-COL4A4-COL4A5 genes; 310 variations had been identified by Sanger sequencing: 302 (68 being different) single nucleotide variants (SNVs), six different deletions (1-18 bases), and two different insertions (1 and 2 bases, respectively). All were detected by NGS. In addition, we detected a homozygous four-exon duplication in COL4A3 that had not been identified by Sanger analysis and two mutations in COL4A5 in individuals previously tested only on COL4A3 and COL4A4 based on clinical data.
Sequencing the cohort of 101 patients generated a total of about 5 million reads with an average size of 149 bases. Because protocols for library preparation and sequencing and primary analysis software were regularly upgraded during the time of our study (Concise Methods), the mapping statistics are shown for the last two runs, including 33 patients. These two runs are representative of the data obtained with the last version of the variant caller (variant caller 3). Mean coverage was 5083, and 98% of each base (of all exons and 20 bases of padding around all targeted coding exons) was covered more than 153. Because of the lack of PCR amplification of COL4A4 exon 43 (Supplemental Material) and low coverage of COL4A3 exon 1, these two exons were resequenced by Sanger analysis in all patients. In addition, COL4A4 exon 5 was resequenced by Sanger analysis in 11 patients. Supplemental Table 2 shows the average and minimum coverage of each of 150 coding exons (COL4A3, -4, and -5) across these 33 patients. SNV and indel calling resulted in the identification of 715 SNVs (76 being synonymous) and 44 indel calls for 33 patients, which represent 98 different SNVs (12 being synonymous) and 12 different indels. Variant filtering procedures, shown in Table 1 , led to retention of 28 different variations that were tested by Sanger sequencing; 27 of them were confirmed. The single variation that was not confirmed by Sanger analysis was a 1-bp deletion. Thus, with the latest version of the software, our rate of false positive was 1/28.
Mutation Analysis of Our Cohort
We identified 94 different variants considered as diseasecausing (n=88) or of unknown significance (n=6) on 116 alleles in 83 unrelated patients. All small variations were confirmed by Sanger sequencing. To look for potential false negatives, 18 patients for whom no possibly disease-causing variation was identified as well as 1 patient (patient 9) presenting like autosomal recessive AS but found to carry a single heterozygous COL4A3 mutation were then tested by Sanger analysis. Two additional mutations were identified: the c.2621_2622delinsT (p.Gly874Valfs*9) in COL4A3 in patient 9 and the c.2322delT (p.Leu775Phefs*7) in COL4A4 in patient 87. Thus, if we add these 19 patients to the 29 patients in our proof-of-principle group, 636,360 bases have been sequenced by both NGS and Sanger, and the sensitivity of NGS is 99% (310/312), whereas the specificity is 99.99% (636,033/636,048). Importantly, we went back to the NGS reads for two patients carrying the two mutations not detected by NGS. The Integrative Genomics Viewer (IGV) software 18 clearly displayed these two mutations (Supplemental Figure 1) .
Results of the molecular analysis for all patients are shown in Supplemental Table 1 . Mutations were identified in 80% (81/101) of patients; variants of unknown significance were identified in three additional patients. Seventy-five mutations were novel, confirming that most mutations identified in type IV collagen genes are private. Variations of unknown significance (detailed in Supplemental Table 3 ) were three missense variants not involving a glycine residue located at the X or Y position of the Gly-X-Y collagenous repetition, one COL4A4 silent variant possibly affecting splicing (c.114G.A), and two intronic variants in COL4A3. The silent COL4A4 change c.114G.A as well as the COL4A3 c.988-6C.T change only modestly modified the score of the acceptor splice sites of COL4A4 intron 2 and COL4A3 intron 17, respectively. The c.2981-76C.T variation was predicted to create a donor splice site with a very good score (87/100 with the Human Splicing Finder program 19 ), which might be responsible for the inclusion of a novel exon in the COL4A3 transcript.
Only 30 mutations (and one variation of unknown significance) were identified in COL4A5; 28 mutations and three variations of unknown significance were found in COL4A3, and 22 mutations and two variations of unknown significance were found in COL4A4. Table 2 shows details regarding the different mutation types in each of the three genes. Novel mutations and variations of unknown significance in COL4A3, COL4A4, and COL4A5 are shown in Tables 3, 4 (14, 37 , and 67) and two different mutations (one glycine missense and one frameshift) in the homozygous state in the same gene (COL4A4) in one patient (patient 1). Importantly, analysis by capillary electrophoresis allowed the identification of large rearrangements in 10 patients, affecting COL4A5 in three patients, COL4A3 in six patients (a four-exon duplication in COL4A3 was present in two unrelated patients), and COL4A4 in one patient. The homozygous COL4A3 threeexon deletion in case 30 was confirmed by the lack of amplification of genomic DNA by simplex PCR. All other rearrangements were confirmed by a second method (haplotype analysis, comparative genomic hybridization array, or customized multiplex ligation-dependant probe amplification [MLPA] analysis) as illustrated in Figure 2 . The deletion in patient 24 was shown by MLPA to involve COL4A4 exons 1-4 and COL4A3 exon 1. Thus, this patient was carrying both a heterozygous COL4A3 mutation and a heterozygous COL4A4 mutation on the same allele. In addition, mosaicism for a deletion of 21 exons in COL4A5 detected by capillary electrophoresis analysis of the amplicons was likely in one man (84), which fits with a discontinuous labeling of the dermoepidermic basement membrane with anti-a5(IV) antibodies. Parents' DNAs could have been tested in 36 cases. Mutations were inherited in 33 patients and de novo in 3 patients (all 3 patients carried a COL4A5 mutation). Interestingly, a high proportion of probands of our cohort (n=22) was found to carry a heterozygous mutation in COL4A3 (12 cases plus 1 case with a variant of unknown significance) or COL4A4 (eight cases plus one case with a variant of unknown significance). For all of them, the clinical, familial, and morphologic data were compatible with an autosomal dominant mode of inheritance of the disease. Six probands seemed to belong to families affected with BFH, which was suggested by the presence of isolated hematuria without any proteinuria or progression to renal failure in several generations. The 16 other probands belonged to families affected with a progressive hematuric nephropathy. Six had deafness, nine were known to have developed proteinuria, and three had ultrastructural examination of their GBMs, which were thin two times and thick and thin one time. None of them had developed ESRF yet (at an average age of 34.6 years), but older family members had developed ESRD between 40 and 76 years in 10 families, chronic renal failure in 4 families, and nephrotic range proteinuria in 1 family as well as deafness in six families and typical ultrastructural alteration of the GBM in two families. Figure 3 shows examples of four families with autosomal dominant AS (three of them initially were considered as either X-linked or autosomal dominant). The unexpectedly high rate of autosomal dominant inheritance that we observed in our series is also illustrated by the fact that, among 16 patients presenting with either X-linked or autosomal dominant inheritance, only five patients were shown to carry a COL4A5 mutation, seven patients were shown to carry a heterozygous COL4A3 or COL4A4 mutation, and one patient was compound heterozygous for two COL4A3 variations, including one of unknown significance.
Twenty-nine probands were shown to carry two COL4A3 or two COL4A4 mutations, and two probands were shown to carry one COL4A3 mutation and one variation of unknown significance. For nine of 29 probands, autosomal recessive e The COL4A4 deletion of exons 1-4 was shown by multiplex ligation-dependant probe amplification (MLPA) to also involve COL4A3 exon 1 in patient 24. f One 21-exon deletion was a probable mosaic in one man, and one 3-exon deletion was present in one woman; one deletion, removing COL4A5 exons 1 and 2 and all COL4A6 exons, was present in one man and thus, did not require capillary electrophoresis analysis to be detected.
inheritance was proven by the testing of the two parents, who were shown to carry one mutation each. For four cases, only one parent was tested and shown to carry one mutation in the heterozygous state; one of these 29 probands had been considered as affected with X-linked AS because of false-negative expression of a5(IV) in skin basement membrane associated with important melanic pigmentation. Thirteen of the patients with autosomal recessive inheritance had reached ESRF at an average age of 19.5 years (15-27 years).
We searched for genotype-phenotype correlations in patients carrying COL4A3 or COL4A4 mutations. We observed no obvious difference in the severity of the disease between probands (or affected relative) carrying a heterozygous mutation in COL4A3 versus COL4A4 or between probands carrying two COL4A3 mutations (five patients having reached ESRF at 20.5 years on average) and probands carrying two COL4A4 mutations (eight patients having reached ESRF at 19.6 years on average). Also, the position (regarding the 59-39 orientation of the genes) of the heterozygous variants in COL4A3 or COL4A4 was not different (P=0.64) between the 6 families presenting as BFH (nucleotide 1639 on average) and the 16 families presenting as AS (nucleotide 1866).
In 17 cases (Table 6) , we did not identify any variation thought to be possibly disease-causing. In seven patients (patients 16, 21, 39, 43, 52, 56, and 59), the diagnosis of AS was based on abnormality in the expression of type IV collagen chains or typical ultrastructural changes of the GBM. One man (43) was likely mosaic for a COL4A5 mutation (possibly absent of blood cell DNA), because he presented with sporadic hematuria, deafness, and discontinuous labeling of the skin BM with anti-a5(IV) antibodies. In 10 other cases, the diagnosis was not certain, especially in 3 cases: one patient (49) had normal GBM at electron microscopy examination, one patient (33) had proteinuria that spontaneously disappeared, and one patient (44) had severe deafness but had not developed proteinuria or renal failure.
The difference for the modified Flinter score between 84 patients with a variation thought to be possibly disease-causing (average=1.7) and 17 patients without (average=1.5) was not significant (P=0.25). Conversely, the proportion of patients with an identified mutation was not significantly higher in patients with a high (3 or 4) score compared with patients with a low (0-2) score (P=0.29). Also, the proportion of patients with an identified mutation was not statistically different between patients presenting as BFH (6 patients with a mutation and 1 patient with a variation of unknown significance of 10 patients) and patients presenting as AS (75 patients with at least one mutation and 2 patients with a single variant of unknown significance of 90 patients; P=0.57).
DISCUSSION
Mutations in COL4A3, COL4A4, or COL4A5 result in a spectrum of phenotypes from BFH to AS, 22 including X-linked AS, autosomal recessive AS, or autosomal dominant AS. Accurate genetic counseling and reasonable estimation of prognosis in patients and families with persistent hematuria require precise diagnosis, which is especially important, because early therapeutic intervention has recently been shown to be effective in AS. 23 Comprehensive clinical evaluation and pedigree analysis (including testing of relatives for hematuria) combined with histopathology and study of type IV collagen expression in skin and kidney BM are sometimes sufficient to firmly establish a diagnosis and determine the risk of transmission. However, in many cases, molecular analysis is necessary to achieve the desired level of diagnostic accuracy. Screening for mutations in these three very large (about 50 exons each) genes by conventional (Sanger) sequencing is exhausting, time-consuming, and expensive, which is why molecular analysis is usually performed in a step-by-step process based on familial, clinical, and morphologic data. In families for which these data do not point to a particular mode of inheritance as well as sporadic cases, the traditional work flow usually leads to the analysis of COL4A5 in the first instance based on the estimated frequency of the X-linked form of the disease, although familial and clinical data do not allow for exclusion of autosomal transmission with certainty. In some molecular diagnosis centers, COL4A5 is the only one of the three genes routinely sequenced. 10 which are considered to be much rarer than the X-linked form. NGS, by producing millions of DNA sequence reads in a single run, has made easily available whole-exome and whole-genome sequences analyses, and it can also be used for resequencing targeted small genomic regions. NGS has been shown to be successful for identifying type IV collagen mutations in three AS patients. 24 Here, we used the Ion PGM (Life Technologies) 316 chips, which allow at least 10 Mb to be read in one run through about 200-bp-long reads at the end of our study. We used a strategy that uses multiplex PCR and sample pooling after library barcoding to sequence in each run 150 exons from 16 or 17 patients. COL4A3 exon 1, which contains 77% of CG and was frequently not amplified during the multiplex PCR process, was tested by Sanger sequencing in all patients. COL4A4 exon 5 (63% CG) was also sometimes not amplified. Although the GC content of that exon is only moderately high, a 20-bp window with 85% GC could be the cause of this bad amplification. COL4A5 exons 41a and 41b have not been included in the design of our study, because no mutation had ever been identified in these alternatively spliced exons (in our department, more than 80 X-linked unrelated AS patients have been tested for these two exons). However, they will be included in the next version of the ALPORT MASTR mix.
In our cohort, we identified 96 different variations: 90 variations are considered as disease-causing and six variations are of unknown significance. Altogether, at least one mutation was identified in 80% (81/101) of the patients, representing a high rate of mutation compared with previously published series of patients tested by conventional approaches. 22, [25] [26] [27] [28] The sensitivity of our NGS screen was 99%, because among 312 variations identified by Sanger sequencing in patients tested by both Sanger and NGS, two variations (one 1-bp insertion-deletion in COL4A3 as well as one 1-bp deletion in COL4A4) were missed by NGS. It is known that NGS-based methods are less accurate to detect indel mutations than point mutations. 17 Importantly, simple visual inspection of the NGS reads using IGV very clearly showed these two mutations, suggesting that, even if a few indels are missed by the variant caller, they will be caught by simple careful visual analysis of the reads by using IGV, which thus, must be performed for all patients with no identified mutation. Another problem thought to be unique to certain NGS methods is contiguous runs of the same base pair called homopolymer repeats. However, they should not be a major issue for type IV collagen gene sequencing in AS patients, because sequence analysis of 149 amplicons tested shows only five homopolymer of 6 bp. In addition, our strategy allowed the detection of large COL4A3 or COL4A4 rearrangements (in seven patients of the cohort and one patient among 29 patients tested in our proof-of-principle experiment) that would not have been detected by Sanger analysis. Because the technology used does not allow for gaining insight into quantification of the PCR products, we performed capillary electrophoresis analysis of the multiplex PCR products (Concise Methods) and detected, in either COL4A3 or COL4A4, heterozygous deletions in four patients, homozygous duplications in two patients, and heterozygous duplications in one patient. It is possible that we missed additional deletions or duplications in the few exons with poor amplification, such as COL4A4 exon 5. Deletions or duplications involving one or more exons have been frequently reported in COL4A5 29, 30 (also see the HGMD database at https://portal.biobase-international.com/hgmd/pro/all.php and the LOVD database at https://grenada. lumc.nl/LOVD2/COL4A/home.php?select_db=COL4A5) but only one time in COL4A3 31 and never in COL4A4, because they are not easily detectable by conventional Sanger sequencing. Capillary electrophoresis analysis will not even be required in the future, when the 400-bp biochemistry will be available for Ion Torrent, because heterozygous deletions will be easily visible. 32 These results should incite laboratories performing COL4A3 and COL4A4 mutation screening by conventional sequencing to complete their screen with a quantitative amplification method to detect heterozygous large rearrangements.
The proportion of variations considered as possibly disease-causing identified in COL4A3 and COL4A4 in our cohort (41 and 24, respectively, of a total of 96) is more important than in previously reported series of AS. 33 Our study strongly suggests that the frequency of autosomal AS and in particular, autosomal dominant AS is more important than previously thought in the literature. 11 Not taking into account 10 families presenting with BFH and the case of sporadic hematuria, we observed a likely autosomal dominant inheritance in 18.9% (17/90) of the tested AS families in this cohort. It is interesting to note that our traditional diagnostic workflow would have led to the analysis of COL4A5 at first for 29 patients presenting as AS inherited as either an X-linked or an autosomal trait, for whom we identified COL4A5 mutations only 10 times and COL4A3 or COL4A4 mutations 13 times. In the same way, three families with autosomal dominant AS and six families with autosomal recessive AS reported here had been previously tested (by single-strand conformation polymorphism or Sanger sequencing) only on the COL4A5 gene. These results illustrate one of the great benefits of this NGS technology, which allows the sequencing of three type IV collagen genes at one time and led us to reconsider the mode of transmission of the disease and provide adequate genetic counseling in several families. In addition, the finding of patients carrying disease-causing mutations on two different genes (COL4A3 and COL4A4 for cases 14 and 24 and COL4A4 and COL4A5 for case 67) also illustrates the interest of the sequencing in one of three genes and suggests possible digenic inheritance.
We did not find any genotype-phenotype correlations in patients carrying a heterozygous COL4A3 or COL4A4 variant; 17 of 22 patients carried a variant expected to have a dominant effect (15 missense mutations affecting a glycine 13 times, one synonymous mutation possibly affecting splicing, and one splice site mutation predicted not to alter the reading frame). The five other patients (24, 28, 32, 34 , and 87) were found to carry a COL4A4 frameshift mutation three times, a COL4A4 deletion removing the initiation ATG codon one time, and a COL4A4 deletion in the signal peptide one time. Heterozygous COL4A4 frameshift mutations have already been reported in autosomal dominant AS. 10 Although we cannot exclude the hypothesis that the frameshift mutations and the deletion of the initiation codon eventually lead to the production of an abnormal a4(IV) chain, it is possible that these five mutations lead to AS or BFH because of haploinsufficiency.
It is interesting to note that the proportion of patients with an identified mutation was not statistically different between patients presenting as BFH and patients presenting as AS. Although the number of cases of BFH is limited in our series, this finding suggests that there is no genetic heterogeneity in BFH and that families that have been described with hematuria that does not segregate with the COL4A3/COL4A4 locus 34, 35 can be explained by coincidental hematuria in family members rather than a novel locus for BFH.
The rate of patients without any identified variation thought to be possibly disease-causing in our series is low (16.8%). We may have missed some deep intronic mutations or mutations affecting regulatory elements, especially in seven cases in which the diagnosis was certain. In others, whole-exome sequencing might be helpful to decipher the cause of the disease in these families. Anyway, our results emphasize the fact that patients with a low Flinter score also must be tested, because we observed no significant difference for that score between patients with and without an identified mutation.
The last but not the least benefit of this strategy regards spared money and time. Barcoding strategies allow us to mix several patients in the same run and thus, reduce costs of the NGS, which itself is constantly decreasing in cost. Currently, taking into account costs of the consumables, sequencing all COL4A3-COL4A4-COL4A5 exons and searching for copy number variation are the same cost as sequencing 25 exons of one gene by Sanger methods. Thus, conventional sequencing of a single gene (when the mode of inheritance is certain, for example) is more expensive than testing three genes by multiplex amplicon quantification and NGS. In terms of time, the different steps of our protocol for a run (17 patients) are currently completed in our laboratory two times more rapidly than Sanger sequencing of three genes.
In conclusion, our study shows that the frequency of autosomal AS and particularly, autosomal dominant AS has been underestimated. We show that the combined approach of multiplex PCR amplification, amplicon quantification, and NGS greatly facilitates the molecular diagnosis of AS, improves appropriate genetic counseling, reduces time and cost of the screening, provides rapid sequencing of three large COL4A3, COL4A4, and COL4A5 genes, and allows the detection of heterozygous rearrangements in COL4A3 and COL4A4.
CONCISE METHODS
Patients
DNA or blood samples from 101 patients were received for molecular screening in the laboratory of the Genetic Department at Necker Hospital in Paris, France with written informed consent and clinical information. They were sent from Nephrology, Pediatric Nephrology, and Genetics Departments in France, Sweden, and Tunisia between June of 2011 and October of 2012. The 101 patients presented hematuria. Sex ratio of the patients was 1.4 (59 men and 42 women). Average age at molecular diagnosis was 26 years (3-54 years). Average age at first symptom (usually hematuria) was 11 years (,1-54 years). Albuminuria (.30 mg/mmol creatininuria) was present in 61 of 77 cases and absent in 16 of 77 cases at the time of molecular diagnosis. Twenty-six patients (seven women and nineteen men) had reached ESRF between 15 and 34 years of age. Sixteen patients (five women and eleven men) had chronic renal failure; 52 patients (28 women and 24 men) had normal renal function.
Patients, all presenting hematuria, were classified according to the Flinter diagnosis criteria, 36 which were slightly modified to take into account the expression of type IV collagen chains, when studied: (1) positive family history of hematuria, chronic renal failure, or both, (2) characteristic ophthalmic signs (that is, anterior lenticonus, white macular flecks, or both), (3) high-tone sensorineural deafness, and (4) typical electron microscopic evidence of AS on renal biopsy (that is, irregularly thick GBM or the association of thick and thin segments) and/or abnormal expression of type IV collagen chains within the GBM and/or the dermoepidermal basement membrane. Uniformly thin GBM at electron microscopy examination was not considered as typical of AS, because it can also be observed in BFH as well as other glomerular nephropathies. 37 Analysis of our cohort for those criteria is shown Table 7 , and the score of each patient is shown in Supplemental Table 1 . Altogether, 4 index cases fulfilled four criteria, 14 index cases fulfilled three criteria, 38 index cases fulfilled two criteria, 43 index cases fulfilled one criterion (including 10 patients considered as BFH), and 2 index cases had zero criteria (one women [40] with sporadic hematuria and thin basement membrane and one man [42] with hematuria and proteinuria without hearing or eye defect and without known family history of renal disease). Surprisingly, two men had a discontinuous expression of the a5 (IV) in the skin BM.
The mode of inheritance was suspected according to the study of the genealogy (including the search for hematuria in parents and relatives as often as possible), the severity of the disease in men and women when patients of both sex were affected in a same family, and the study of the expression of a5(IV) chain in skin and/or kidney.
Nineteen patients had been previously tested on at least one type IV collagen gene (fourteen patients on COL4A5) by single-strand conformation polymorphism (twelve patients) or Sanger sequencing (seven patients).
Sample Preparation
Genomic DNA specimens were isolated from peripheral blood using standard procedures.
We used the commercially available, ready-to-use massive parallel sequencing assay for detection of COL4A3, COL4A4, and COL4A5 mutations (ALPORT MASTR; Multiplicom N.V., Niel, Belgium) to amplify all coding exons of the three genes in a four-tube multiplex PCR reaction starting with 4350 ng genomic DNA; 149 amplicons (representing 150 coding exons) were amplified for each of the 101 patients. COL4A5 exons 41a and 41b were not amplified. Amplification products were diluted and then reamplified with the universal primers included in the ALPORT MASTR kit. Part (50%) of the amplification product was used for five-cycle PCR amplification with fluorescent primers, then checked by capillary electrophoresis, and analyzed using the GeneScan analysis software (Applied Biosystems) to verify the proper amplification of each amplicon. Size of the amplicons ranged from 195 to 445 bp after the last PCR step. For each patient, the remaining four multiplex PCR products were pooled with predefined proportions according to the manufacturer's instructions, and this pool was used to prepare a barcoded library compatible with the Ion Torrent PGM sequencer (Life Technologies). Libraries The cDNAs NM_000091, NM_000092, and NM_0000495 for COL4A3, COL4A4, and COL4A5, respectively, were used for numbering, with nucleotide+1 corresponding to the A of the ATG translation initiation codon.
MLPA
Probes were designed for 17 and 10 exons of the COL4A3 and COL4A4 genes, respectively, using the AlleleID software (Premier Biosoft, Palo Alto, CA). Customized MLPA was performed as described by White et al. 39 in a four-probemix assay. We used the SALSA MLPA probemix P300-A2 Human DNA Reference-2 (MRC-Holland, Amsterdam, The Netherlands) as reference.
Statistical Analyses
Data were analyzed using Fisher exact and t tests. All tests were twosided. P values,0.05 were considered significant.
Note that, during the review process of this manuscript, another group has independently shown, by an NGS approach, that autosomal dominant transmission of AS accounts for a relevant proportion of families. 40 
